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Abstract 
Combustion at programmed temperature in a thermobalance is a common test for the rapid assessment 
of coal combustibility. In  this study two series of blends (low rank/medium rank coal-AB and low rank 
/petroleum coke-AC) with the low rank coal in three different proportions (1/4, 2/4 and 3/4) have been 
tested. Samples have been ground and sieved to 20-75 µm prior to blend preparation. The combustion 
profiles indicated different behaviour for the two series of samples: the AB series showed wide curves 
with the presence of shoulders whereas the AC series showed two maxima corresponding to the 
component fuels. The comparison of the calculated and experimental curves indicated different effects 
of blending on the relevant temperatures and reactivity of the blends. In the AB blend both initial and 
peak temperatures were lower than expected and the higher the proportion of low rank coal, the larger 
the difference. In the AC series the burnout temperature was the parameter departing more from the 
expected values. In order to visualize relative combustibility of the coals the reaction was stopped at 
50% conversion and the samples were examined through the microscope. The combustion of the 
particles followed a shrinking core pattern in which the core of the low rank particles remained 
isotropic whereas anisotropy development was observed in the medium rank coal. The reflectance of 
the coals increased with increasing the temperature at which the reaction was stopped regardless the 
rank of the parent coal following a linear trend. 
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INTRODUCTION 
 
Coal blending is a common practice in any of the processes involved in the combustion of coal both 
in pulverised fuel boilers for electricity production or pulverised coal injection (PCI) in blast furnace 
tuyeres. Blending increases the flexibility of fuels and might be used to meet environmental 
regulations. Nevertheless the understanding of coal blends behaviour under the drastic conditions of 
high temperature and short residence time existing in full scale utilities is poorly understood mainly 
due to the difficulties to reproduce such conditions at laboratory scale. Different devices have been 
used to study combustion of coal blends which have been critically reviewed in Su et al. (2001). 
Despite the differences in operating conditions with full scale plants, thermogravimetric analyzers 
have been frequently used to assess coal blend performance mainly on the basis of the well-
controlled conditions and flexibility. Both synergistic, antagonic and no effects have been reported 
for various combinations of coal blends (Artos and Scaroni, 1993; Arenillas et al., 2004) in 
thermogravimetric analyzers. 
This study is part of a larger project aimed at the optimization of blend preparation for PCI injection 
in blast furnaces. In particular this work does not intend to provide predicting parameters for the 
behaviour of the blends but explore in some detail the transformations occurring in the particles 
placed in the thermobalance crucible during the course of combustion at programmed temperature. 
A similar approach was previously followed for single coals (Alonso et al., 2001) and densimetric 
fractions (Menendez et al., 2003) in which optical microscopy showed relevant information to 
understand the combustion mode of the particles.  
 
The approach followed in this study was the selection of three components for the blends, whose 
combinations yielded different shapes of combustion profiles (with one and two maxima). First the 
experimental curves were compared with the calculated ones and afterwards the reaction was 
stopped and the remaining residue was mounted for optical microscopy. 
 
EXPERIMENTAL 
 
The selected fuels were a Brazilian subbituminous coal (A) which was used in the two blend series, 
an Australian high volatile bituminous coal (B) and a petroleum coke (C). Mixtures of  coals A and 
B form the blend AXB in which the X varies from 1 to 3 indicating the proportion of coal B in the 
blend (1=1/4, 2=2/4, 3=3/4) and similarly AXC refers to the blend of the subbituminous coal and 
petroleum coke. Samples were ground and sieved to 20-75 µm within the size range of typical 
pulverised particles but large enough to be visualised with an optical microscope. Proximate, 
Ultimate and Petrographic analyses were performed according to the appropriate ISO standards. 
Thermogravimetric tests were performed in a Netzsch STA 409C apparatus in which 30 mg of 
sample were throughout extended at the bottom of the crucible. Temperature was increased from 25 
to 1000 oC at a heating rate of 25 oC min-1 and the air flow rate was 50 ml min-1. Reactivity was 
calculated on an ash-free basis as R=1/mo(dm/dt) where mo is the dry-ash-free initial sample mass. 
Other relevant parameters extracted from the combustion profiles can be defined as: the ignition 
temperature (Tg) is that at which coal starts burning (Tg), initial temperature (Ti) is that at which 
reactivity is 1/5 of the maximum, final temperature (Tf) is that at which coal stops burning,  peak 
temperature (Tp) is that at which maximum reaction rate (Rp) occurs.    
 
A second set of thermogravimetric experiments were performed in which the reaction was stopped 
at 50% conversion and the air was replaced by N2 to quench the reaction. The residue was 
concentrated in an small mould, embebed in resin and mounted for petrographic examination. 
Reflectance of vitrinite particles was measured and the amount of the component coals in the residue 
was counted using typical petrographic methods adapted to the size and amount of sample.  
 
 
RESULTS AND DISCUSSION  
 
The chemical and petrographic analyses of the individual fuels are shown in Table 1. The lower rank 
of coal A (subbituminous) compared to coal B (high volatile bituminous) is shown by the higher 
vitrinite reflectance and carbon content and lower volatile matter content of coal A. The latter has 
also higher sulphur, ash and vitrinite contents. The petroleum coke (C ) is a carbon-rich, low volatile 
fuel with very low ash content as typically reported for petroleum coke but with an unusually  low 
sulphur content especially selected for this project because of its intended use for PCI.  
 
TABLE 1. Proximate, ultimate and petrographic analyses of the individual fuels.  
VM C H N O S Rr V L I Fuel Ash 
db % daf % % vol % 
A 15.7 39.2 81.0 5.3 1.5 12.9 1.0 0.48 91.0 4.4 4.6 
B 9.5 29.3 83.4 4.3 2.0 10.6 0.7 0.90 63.3 2.9 36.2 
C 0.1 11.7 91.3 3.9 2.7 1.2 0.9     
VM= Volatile matter; Rr=random vitrinite reflectance; V=vitrinite; L=liptinite; I=inertinite. db= dry basis; 
daf=dry-ash-free basis, vol= volumen. 
 
The combustion profiles of the individual fuels are shown in Figure 1, in which also the relevant 
parameters described in the experimental section are shown. All of them confirm what it could be 
expected from the coal characterization: this is higher reactivity and lower relevant temperatures for 
the subbituminous coal (A) compared to the bituminous coal (B). The highest relevant temperatures 
were found for the petroleoum coke (C) which had the lowest volatile matter content. Despite this 
shift to higher temperatures, the reactivity was rather high because it burned in a narrow temperature 
range. The shape of the profiles was rather symmetrical except in the onset of combustion region.  
FIGURE 1. Combustion profiles of the single fuels used in this study.Tg=ignition temperature, Ti=initial 
temperature, Tp=temperature of maximum reactivity, Tf=final temperature, Rp=maximum reactivity. 
 
The combustion profiles of the two series of blends were very different. Figure 2 shows an example 
of the experimental and calculated curve obtained for the A2B blend (50:50 coal A and B on ash-
free basis) and the A2C blend (50:50 coal A and Petroleum coke on ash-free basis). The 
differences observed in this example are maintained for the other members of the series. The coals A 
and B have highly overlaped combustion profiles and the composite curve is expected to be wider 
than the individual curves. The experimental curve approached to the calculated one although it is 
less symmetrical and shifted to lower temperatures. Also the reactivity is lower than expected. This 
resulted in a longer combustion time. 
 
The samples A and C had more separated combustion profiles and the composite curve is expected 
to have a main peak with a shoulder. The experimental curve had two well-defined peaks of higher 
reactivity than expected and also the blend burned in a narrower temperature interval. Specifically 
the presence of the subbituminous coal appears to increase the reaction rate of the petroleum coke. 
The effect of the relative proportion of coals in both series of blends is better observed in the Figure 
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3,  in which the experimental values for Ti, Tp and Rp are plotted vs the calculated values. In the 
AC blend, both Ti and Tp (experimental and calculated) were reasonably similar whereas 
experimental values for Tf were systematically lower. This is consistent with the higher experimental 
reactivity of the blends containing petroleum coke (Figure 3). Synergistic effects affected mainly the 
reactivity and burnout time, essentially by increasing the reactivity of the petroleum coke when 
blended with the subbituminous coal. Other parameters remained unchanged.  
FIGURE 2. Example of the calculated and experimental curves for the 50:50 AB (left) and AC (right) blends. 
 
In the AB blend the situation was different since the combustion started earlier than expected as 
seen by the lower experimental initial and peak temperatures but the combustion time was longer 
due to the reduction in the reactivity (Figure 3). A similar result was found by Arenillas et al., (2004) 
for the blends of two coals of  similar characteristics.  
 
FIGURE 3. Variation of experimental vs. calculated temperatures (left) and reactivity (right) for both set of blends. 
  
The petrographic examination of the combustion residues after stopping the reaction at 50% 
conversion also showed some illustrative results. All the particles showed a clear oxidation rim which 
was more evident in the subbituminous coal (Figure 4a). The high volatile bituminous coal developed 
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upon heating a mosaic optical texture in the core of the particle whereas the rim was isotropic 
(Figure 4a). The petroleum coke was strongly anisotropic and  
 
 
FIGURE 4. Example of the combustion residue of two blends at 50% conversion. Bar=50 microns 
 
the rim in the particles was narrower (Figure 4b). Given the differences in optical appearance of the 
particles from the various component coals it was possible to distinguish the parent fuel in a blended 
residue. In the case of AC blends there is no uncertainty in the distinction because petroleum coke is 
different from any coal component (Figure 4b). In the case of AB blend, there is some uncertainty 
associated to isolated inertinite. In any case most of these particles should belong to the coal B 
which has a significantly larger inertinite content than coal A. The quantitative assessment of the 
particles in the residue indicated that at 50% conversion the subbituminous coal was preferentially 
combusted and the consumption rate was higher in the blend AB than in AC blend. Accordingly, the 
temperature to reach 50% conversion was higher in the blends containing petroleum coke (AC) than 
in the equivalent blends of coals A and B.  
 
FIGURE 5. Reflectance reached by the vitrinite coal particles in the blend as a function of the temperature at 
which reaction was stopped. 
 
On the other hand the reflectance of the vitrinite coal particles in the residue reflected their 
transformation upon heating. At 50% conversion coal A had increased its reflectance from 0.48 up 
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to 1.37%  and coal B from 0.9 to 2.15%. In the AB blends there is a strong overlapping of 
reflectances from both coals and the average reflectance value essentially reflects the temperature at 
which reaction was stopped regardless the reflectance of the parent coal (Figure 5).  The 
accompanying fuel did not appear to have influence on the reflectance of the vitrinite as shown by 
the nice correlation of the AB and AC blends  (Figure 5). 
 
 
CONCLUSIONS 
 
The combustion of  blends in a thermobalance proceeds following an shrinking core pattern which 
limits the possibility of strong interaction between particles during the process. Typically an isotropic 
rim is developed due to oxygen interaction while the core of the particle remains isotropic in the 
subbituminous coal and develops mosaic-type anisotropy in the high volatile bituminous coal. The 
development of an oxidation rim in the strongly anisotropic petroleum coke showed to be more 
difficult and only in the particles with smaller optical texture was readily observed.  
 
Different trends in variation of combustion profile parameters have been observed for the two blends 
selected. The combustion profiles of the blends of subbituminous and hvC bituminous coals showed 
lower peak and initiation temperatures and lower reactivity than the expected ones then increasing 
the time to complete combustion. The blends of subbituminous coal and petroleum coke showed  
similar initiation and peak temperatures than expected but an enhanced reactivity of the petroleum 
coke in the presence of subbituminous coal reduced the burnout temperature and therefore the 
burning time.  
 
The coal particles increased regularly their reflectance upon heating regardless of the reflectance of 
the parent coal and of the characteristics of the accompanying fuel. 
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